Petroleum coke is the third leading refined petroleum product export from the US behind distillate fuel oil. Legal challenges and proposals could either increase the cost or restrict the transportation of petroleum coke. This paper develops an econometric model of world markets for refined petroleum markets to estimate the effects of such restrictions. The model is used to estimate how supply, demand, trade flows, and prices would adjust under a shutdown of US petroleum coke production. The market impacts are significant, with substantially higher prices for jet fuel and petroleum coke, significantly higher prices for gasoline and other products, and sharply lower prices for residual fuel oil. Over a four-year simulation of the model, the US petroleum trade balance deteriorates by $85 billion and consumers pay over $187 and $376 billion more for refined petroleum products in the US and the rest of the world respectively.
Introduction
The United States is the world's largest producer of petroleum coke, producing almost half of world production from processing units, known as "cokers" that also produce significant amounts of feedstocks for other refined petroleum products as noted by Leffler [1] . The economic driver to build coking units is to increase the yield of transportation fuels from a refinery. Coker capacity has been rising in the US since 1990 in part by taking advantage of low cost, heavy, high sulfur bitumen from Canada. This petroleum coke is shipped to nearby port facilities where it is temporarily stored for subsequent transportation to domestic and international markets. demand for residual fuel oil. As refiners increase their crude distillation runs to meet rising demand for gasoline and other light petroleum products, they produce large volumes of residues that when blended or "cut" with lighter products can be sold as residual fuel oil. The market for these residual fuels, however, has been shrinking over time and other heavy petroleum products, like asphalt, have limited markets. Hence, the logical decision is to convert these residues into light products using petroleum cokers. As a result, residual fuel oil consumption as a percentage of the total weight of world oil consumption has been steadily declining over the past 40 years while the corresponding percentage for petroleum coke has been increasing (see Figure 1 ). Residual fuel oil comprised 35% of world oil consumption in 1974 and decreased to 11% in 2012. In contrast, the percentage by weight of petroleum coke in world oil consumption more than doubled over the period from less than 1% in 1974 to 2.6% in 2012.
The relationship between petroleum coke, residual fuel oil, and light product production for the United States is illustrated in Figure 2 . Light petroleum production, which includes gasoline, distillate fuel, aviation fuels, liquid petroleum gases, and blending components including oxygenates, such as ethanol, increased from 12 million barrels per day (mmbd) in 1983 to over 17 mmbd in 2012. Over the same time period, residual fuel production fell 50% to just below 500 thousand barrels per day. In contrast, US petroleum coke production more than doubled to over 850 thousand barrels per day.
Coker throughput and the contribution of cokers to light product production is illustrated in Figure 3 . From 1993 to 2013, inputs to cokers increased from 1.5 to 2.3 mmbd (see Figure 3) . Meanwhile, petroleum coke output increased 250 thousand barrels per day. The difference between these gross inputs and coke output is the implied process feed to other refinery units, which increased from 0.9 to 1.4 mmbd between 1993 and 2013.
The Market Model
As the previous discussion demonstrates, the operation of petroleum cokers plays an important role in the production of refined petroleum products. Local bans on the shipment of petroleum coke would likely raise the cost of shipping supplies of feedstocks to other processing units, which would reduce production of many refined petroleum products (see Figure 2) . As a result, prices for petroleum products would increase and imports and exports would adjust to restore market balance. Hence, limitations on coker operations in the US would likely affect world markets for refined petroleum products.
The magnitude of these market impacts depends upon the amount of coker capacity shutdown and the elasticities of demand and supply for refined petroleum products both in the US and the rest of the world. To estimate these elasticities, this study specifies and estimates a simplified model of world refined petroleum markets.
The model is built around the following market clearing identity in region j for product i in period t:
where Q is consumption of refined petroleum product i in region j during period t. The left side of the equality in (1) represents availability or supply from current production, imports, and inventories carried over from the previous period. The right side of Equation (1) is the demand for the refined petroleum product i from current consumption, exports, and period ending inventories.
For a two region model, net exports (imports) from one region are equal to net imports (exports) from the other. Also, on an annual basis net changes in product inventories are a small fraction of total consumption and production.
These arguments imply the following simplified market clearing identity that balances regional excess supply and demand:
where "u" denotes United States, "r" denotes the rest of the world, and where
is a balancing term reflecting regional differences in net trade flows and inventories. This study does not explicitly model imports and exports between regions and net inventory changes because they are roughly equal apart from accounting differences. Changes in net trade and inventory flows, however, can be calculated from differences in excess demand and supply between the two regions.
Hence, Equation (2) is the market clearing identity for each refined petroleum product market. With models for production and consumption that depend upon price among other factors, Equation (2) can be solved for the equilibrium price that balances excess supply in one region with excess demand in the other.
The response of prices and net trade flows to supply and demand shocks, there-fore, can be modeled in a straightforward manner.
Given the absence of fuel switching capability, apart from the sectors, such as electric power generation that face competition from other fuels, the demand for refined petroleum products is very price inelastic in the short-run, determined by the utilization of fixed stocks of energy consuming durable equipment, such as automobiles, trucks, ships, and aircraft. As these stocks of vehicles adjust over time in response to prices and income, the price and income elasticities should be larger.
Given these considerations, the classic partial adjustment model is often used to model the demand for refined petroleum products in which consumption responds to market shocks with a lag. For this study, demand is postulated to depend upon real product price, real gross domestic product, and a time trend to reflect efficiency improvements in the energy-using capital stock. The partial adjustment demand models take the following form:
where j it Q and j it P are consumption and price respectively for product i in period t in region j, j t I is real gross domestic product in region j in period t, T is a time trend, and , , , ,
α β γ τ λ are unknown parameters to be estimated. For residual fuel oil and petroleum coke, prices for natural gas and coal are included because these products are potential substitutes. A linear form rather than log-linear functional form is adopted to facilitate solution for equilibrium prices and to allow the price and income elasticities to vary over the data sample.
A distributed lagged demand model, suggested by Cuddington and Dagher [11] , is also estimated and takes the following form:
The results for this distributed lag model and the partial adjustment model are discussed below.
On the supply side, the seven product categories are classified into two groups: primary products and secondary products. The four primary products include gasoline, distillate fuel oil, aviation fuels, and liquid petroleum gases. For the first three products, production is hypothesized to depend upon crack spreads, which are defined as the difference between the product price and the price of crude oil inputs: ψ are unknown parameters to be estimated while the product index i here includes the first three fuels, gasoline, distillate fuel oil, and aviation fuels. The time trend reflects technological change in refined petroleum production. Liquid petroleum gases are produced at petroleum refineries and from natural gas processing plants that produce ethane, butane, iso-butane, natural gasoline, and pentanes, which are the main constituents of liquid petroleum gases, also known as natural gas liquids. Accordingly, for this product class, the T. J. Considine Natural Resources spread between LPG prices and natural gas prices or the so-called fractionation spread or "frac spread" for short replaces the crack-spread in (6).
The production levels of the remaining three products-residual fuel oil, petroleum coke, and other petroleum products-are determined on the basis of production of the primary production:
where the summation in (7) includes gasoline, distillate fuel oil, and aviation fuels.
The entire model includes 28 behavioral equations-the seven demand and seven supply functions for both the United States and the rest of the world. A discussion of the data sample used to estimate these supply and demand models and trends in production and consumption, prices, and trade balances now follows.
Data Sample
Observations for production and consumption of refined petroleum products are available from the International Energy Agency [8] . The definitions of the product aggregates are summarized in Table 1 . Given the availability of price data, our sample is from 1978 to 2012. Prices used in this study are from the Energy Information Administration [12] for the US and from International Energy Agency [13] for the rest of the world. Real gross domestic product (GDP) and the corresponding price deflators for the two regions are from the World Bank [14] . Real prices for gasoline, distillate, and residual fuel oil for the rest of the world are calculated from the IEA [13] and US EIA [12] . Prices for jet fuel, other petroleum products, liquid petroleum gases, and petroleum coke for the rest of the world are equal to the corresponding US retail prices deflated by the implicit price deflator used to compute the real gasoline price index from IEA [13] for the rest of the world.
Trends in the consumption of petroleum products for the US and the rest of the world are displayed in Figure 4 and Figure 5 . Gasoline is the largest product Figure 4 . US consumption of refined petroleum products. 
Econometric Findings
Several econometric estimation methods and specifications were pursued to determine the robustness of the results. The first issue concerns the time series
properties of the data. Accordingly, all data are checked for unit roots using the augmented Dickey-Fuller test. Real prices, production, and consumption were found to have unit roots. Therefore, all models were initially estimated in first differences. For these models, there were several elasticity estimates that were extremely small, which would have exaggerated the price impacts of reductions in petroleum coke production. The distributed lag models (5) were also estimated. Several of the own price elasticities of demand from the DL models were positive and some of the supply elasticities were unreasonable. The partial adjustment models of demand, therefore, were adopted. The parameter estimates for heavy petroleum products appear below in Table   3 . The findings of fuel switching for residual fuel oil and petroleum coke are mixed. For the US, coal is found to be a substitute with residual fuel oil but the probability value is 0.11 (see Table 3 ). For the rest of the world, distillate fuel oil is found to be a substitute for residual fuel oil but the probability value is also 0.11. The trend terms in the demand for residual fuel oil are significant in both regions. Natural gas prices are somewhat significant in the petroleum coke demand model for the rest of the world with a probability value of 0.06, but were not found to be significant for the US market.
The short and long run price elasticities of demand in Table 4 are evaluated at the sample means. As expected, the demands for these fuels are very price inelastic. For example, the short-run gasoline price elasticity of demand is −0.06 and −0.05 in the rest of the world and the US respectively. In the long run, these elasticities are −0.26 and −0.11 respectively. While the price elasticities of demand for diesel in the US are very close to those for gasoline, the demand for diesel fuel in the rest of the world is considerably less responsive to price with short and long price elasticities of −0.02 and −0.05 respectively. The demand for aviation fuels shows slightly greater sensitivity to price, particularly for the long run in the US, with an elasticity of −0.22 (see Table 4 ). The GDP elasticities are positive as expected and are considerably larger in magnitude compared with the price elasticities of demand. The GDP elasticities for gasoline and diesel are highly significant, indicating a close linkage between fuel demand and economic growth.
The US demand for residual fuel oil is considerably more responsive to price with short-run own price elasticity of −0.19 and a long-run estimate of −0.79 (Table 4 ). The demand for residual fuel oil in the rest of the world shows The results from estimating the production models for the primary products appear in Table 5 . The models are estimated with a correction for autocorrelation using maximum likelihood estimation. For the rest of the world, the crack spread is measured by the difference in the respective wholesale prices for products in Europe less the price for Brent crude oil. The spread between product prices and the price for West Texas Intermediate crude oil is used for the crack spread in the US models. All three coefficients on the crack spreads are positive for the rest of the world, as expected. The crack spreads for gasoline and distillate are highly significant while the aviation fuel crack spread p-value is 6.1 percent. The coefficients for trend in these three primary fuel production models are positive and highly significant, consistent with the trend toward expanded light petroleum production observed by Leffler [1] .
The same models are estimated for the US and the results are also presented in Table 5 . The crack spreads for gasoline, distillate, and jet fuel are positive and highly significant. The gasoline production model is estimated for conventional gasoline production excluding ethanol because ethanol is produced in separate plants and blended with conventional gasoline to meet environmental regulations. For the purposes of this analysis, ethanol production, therefore, is exogenous. Three dummy variables for the phased implementation of environmental standards for Reid Vapor Pressure (RVP) are also included as explanatory variables based upon the study by Lidderdale [15] .
The production models for liquid petroleum gases also appear in Table 5 . The fractionation spread was not possible to compute for the rest of the world so the price for liquid petroleum gases was used and found to be positive and significant. The coefficient on the fractionation spread for the US is positive but the low t-statistic and relatively high probability value indicates that it may not be a significant determinant of US LPG production. The production models for LPG in both regions show a positive and significant trend coefficient. Like the demand models for petroleum coke, dummy variables are included to control for outliers.
The parameter estimates for the production of secondary products appear in Table 6 . For the rest of the world, the coefficients for primary production are positive for all secondary petroleum products, but the estimate for petroleum coke is rather imprecise. The trend terms for other products and petroleum coke are positive but negative for residual fuel oil. For the US, primary production is positively related to production of other petroleum products and petroleum coke. The trend coefficients for residual fuel oil and other petroleum product are negative and significant while the petroleum coke trend effect is positive and significant.
The supply elasticities are computed from these estimates and evaluated at the mean of the data (see Table 7 ). Like demand, primary production is very price inelastic.
For example, for a 10 percent change in price, production of gasoline outside the US increases 1.22 percent. Five out of six elasticities of secondary production with respect to primary production are positive and four of these are statistically significant.
A within sample static model simulation is conducted to determine the accuracy of the model. The mean squared errors for demand and supply for the three largest product categories-gasoline, distillate, and aviation fuels-are within one and three percent. The mean squared errors for prices for these three prod- 
Market Impacts of Shutting Down US Production of Petroleum Coke
If petroleum coke production is shutdown in the US, residual fuel oil is the only outlet for the refinery residue. Using an engineering-economic linear programming model of the US refining sector described by Jacobs [16] , Jenkins [17] estimates how the composition of refined petroleum production would be affected if petroleum coke production capacity in the US is shutdown.
The econometric model developed above is used to estimate the market Table 6 . Parameter estimates for secondary petroleum product supply. impacts of these changes, assuming that they are phased in over a two-year period. The model is solved over the last four years of the sample, 2009-2012, with and without these changes. Production, consumption, and price by region and product are compared below in the Table 8 . The fifth column in Table 8 reports the changes in refined petroleum production estimated by Jenkins [17] . Given our assumption of a two-year phase out of petroleum coke production, residual fuel oil production increases by 1.59 mmbd in year one and by 3.18 mmbd in year two. Production of all other petroleum products declines with the largest reductions for aviation fuels, petroleum coke, and other petroleum products.
Even though lower demand both here and abroad and additional production overseas offsets some of these US output losses, equilibrium prices for petroleum products other than residual fuel oil increase substantially, with the second largest increases occurring for aviation fuels. Under a shutdown of petroleum coke production in the US, the market for residual fuel oil is flooded so that prices collapse. Greater primary production overseas due to higher prices for primary products exacerbates the situation. Most of the additional residual fuel oil production is sold to the rest of the world. Finally, the shutdown of petroleum coke production has a pronounced impact on petroleum coke markets as illustrated in Table 8 . Since the US is the dominant producer, petroleum coke prices more than triple under the shutdown of US production. While substitution to coal and other fuels would take place, consumers of petroleum coke would face much Overall, shutting down petroleum coke capacity would change the composition of US output of refined petroleum production. Output of residual fuel oil would increase while production of petroleum coke and, most importantly, production of light products, such as aviation fuels, would decrease. While higher production overseas and price-induced conservation limits some of the resulting upward pressure on prices, the net effect is a sharp increase in prices for aviation fuels and double-digit percentage price increases for other petroleum products and liquid petroleum gases. Gasoline prices would increase from 4 to 8 percent while distillate fuel oil prices would increase around 1 percent.
Petroleum coke prices more than triple and world prices for residual fuel oil would plummet.
Changes in the trade balances and consumer expenditures are displayed in Figure 6 . After the four-year adjustment period, the US trade balance in petroleum products declines $27.9 billion from a $17.8 billion surplus under the baseline scenario to a $10.1 deficit billion annual deficit after a shutdown of petroleum coke production. Expenditures on petroleum products in the US increase by over $60 billion during the second year and remain more than $40 billion higher after shutting down US petroleum coke production. The increases in expenditures for the rest of the world are considerably larger, ranging from $9.9 to over $146 billion.
Conclusion
Environmental concerns have led to proposals to restrict the transportation of Figure 6 . Changes in trade balance and consumer expenditures. petroleum coke. This paper estimates the market impacts of these proposed bans and, in effect, determines the value of petroleum coke to refined petroleum product markets. Shutting down US petroleum coke capacity would disrupt refined petroleum products markets, lowering prices for residual fuel oil and increasing prices for aviation fuels, petroleum coke, other petroleum products, liquid petroleum gases, and gasoline. Shutting down petroleum coke production in the US would hurt the trade balance, over a four-year period the losses could mount to over $85 billion. Without petroleum coke, consumers would pay $187.2 and $376.5 billion more in the US and the rest of the world respectively for refined petroleum products.
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